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Abstract Endoplasmic reticulum (ER) stress in pancreas,
liver, and adipose tissue is a key event in the pathogenesis
of obesity-related metabolic disease. Lipid-induced ER
stress in liver and adipose tissue leads to inhibition of
insulin signaling. Whether this mechanism exists in skel-
etal muscle is currently unknown. The present study aimed
at assessing the ER stress response in skeletal muscle of
subjects receiving a hyper-caloric fat-rich diet (HFD).
Seven healthy males (20.6 ± 0.5 years; 70.9 ± 3.4 kg)
volunteered to participate in the study. They received a
hyper-caloric (?30% kcal) fat-rich (50% kcal) diet for
6 weeks. An oral glucose tolerance test (OGTT) was per-
formed, and muscle biopsies were taken before and after
HFD. HFD increased body mass by *3 kg (P = 0.007)
and the sum of skinfolds by 15% (P = 0.003). After HFD,
blood glucose concentrations were higher during OGTT
(two-way ANOVA, P = 0.023; ?45% at 20 min,
P = 0.002), and fasting plasma insulin level tended to be
higher (?20%). HFD increased intramyocellular lipids
content by *50 and 75% in type I (P = 0.0009) and IIa
fibers (P = 0.002), respectively. The protein expression of
inositol-requiring enzyme 1a, protein kinase R-like ER
protein kinase, BiP and calnexin and the mRNA level of
spliced X box binding protein-1, CCAAT/enhancer binding
protein homologous protein and activating transcription
factor 4 were not changed after HFD. Despite the increase
in body mass, subcutaneous fat deposits, and intramyo-
cellular lipids content, ER stress markers were unchanged
in skeletal muscle of subjects receiving a HFD for 6 weeks.
This suggests that the onset of glucose intolerance is not
related to ER stress in skeletal muscle.
Keywords ER stress  High-fat diet  Lipotoxicity  BiP 
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Introduction
The endoplasmic reticulum (ER) is where folding and
posttranslational modifications of proteins occur. Certain
conditions, such as high lipid load, glucose deprivation, or
increased synthesis of secretory proteins, disrupt ER
homeostasis and lead to the accumulation of unfolded or
misfolded proteins within the ER lumen (Zhang and
Kaufman 2006). To cope with this, cells activate the
unfolded protein response, a series of events that serve to
restore ER function (Ron and Walter 2007). The unfolded
protein response has three main effectors: ATF6 (activating
transcription factor 6), IRE1a (inositol-requiring enzyme 1
alpha), and PERK (protein kinase R-like ER protein
kinase). In the basal (inactive) state, each of these factors
associates with the protein chaperone BiP/GRP78 (binding
protein/glucose regulated-protein 78), a member of the
Hsp70 (heat shock protein 70) family. Upon accumulation
of unfolded/misfolded proteins, ATF6, IRE1a, and PERK
are released from BiP/GRP78 and become activated. The
downstream effects of ATF6, IRE1a, and PERK are to
induce genes, such as XBP1 (X box binding protein 1),
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CHOP (CCAAT/enhancer binding protein (C/EBP)
homologous protein), and ATF4 (activating transcription
factor 4), which lead to a decrease in protein synthesis and
increase protein-folding capacity. When the unfolded pro-
tein response fails, apoptosis is triggered by the cleavage of
pro-caspase 4 at the ER membrane, which eventually
results in cell death.
In addition to apoptosis and protein degradation, ER
stress can result in decreased insulin sensitivity. The
decrease in insulin sensitivity is the result of two distinct
processes. First, ER stress in pancreatic islets results in
dysfunctional beta-cells and in immature insulin release in
the blood (Wu and Kaufman 2006). Second, ER stress in
peripheral insulin-sensitive tissues, such as the liver and the
adipose tissue, increases JNK (c-Jun N terminal kinase)-
mediated serine phosphorylation of IRS-1 (insulin recep-
tor-substrate 1) and thereby inhibits insulin action via
decreased signaling to Akt/PKB (Sundar Rajan et al. 2007).
However, it is not clear whether similar effects occur in
skeletal muscle. A recent study in diabetic patients indi-
cated that markers of the unfolded protein response were
increased in cells isolated from muscle biopsies and cul-
tured in the presence of palmitate (Peter et al. 2009),
suggesting that ER stress is present in muscle in vivo.
Using a high-fat-fed mice model, we recently showed that
the unfolded protein response was increased in skeletal
muscles, indeed (Deldicque et al. 2010a). Due to the
important role of skeletal muscle in whole body metabolic
regulation and the possibility that ER stress could regulate
insulin resistance, here we wanted to evaluate whether,
similar to our findings in mice, high-fat diet can trigger the
unfolded protein response in human skeletal muscle.
Research design and methods
Protocol
Seven physically active males (20.6 ± 0.5 years;
70.9 ± 3.4 kg) volunteered to participate in the study,
which was approved by the local Ethics Committee (K.U.
Leuven). All subjects were involved in regular sports and
physical activity at a rate of *3.5 h/week and were
instructed not to change their normal participation in
exercise and physical activities for the full duration of the
study. Subjects gave their written, informed consent after
they were informed in detail of all experimental procedures
and risks possibly associated with the experiments.
The subjects were enrolled in a 6-week dietary inter-
vention program involving hyper-caloric (?30% kcal/day)
fat-rich (50 ± 1% fat) feeding (HFD). Before the start of
the study, subjects completed a 4-day dietary record to
assess their normal dietary habits. Energy intake and diet
composition were analyzed using a nutritional software
package (Becel 5.00, Unilever Bestfoods). On average,
subjects ingested *3,000 kcal/day, of which *50% in the
form of carbohydrates, *35% fat, and *15% protein.
Hyper-caloric (?30% kcal/day) high-fat menus were
composed by a professional dietician. Energy distribution
in each dietary program was *50% in the form of fat,
*40% carbohydrates, and *10% protein. Subjects
received supervised weekdays lunches, whereas all other
meals, snacks, and drinks were provided by the investiga-
tors as individual take-home food packages.
The pretest and the posttest were organized over three
separate days each. On the first day, subjects reported to the
laboratory, and fat mass was estimated from the sum of 12
skinfolds. In the evening, subjects received a standardized
dinner (1,050 kcal, 60% carbohydrates, 30% fat, 10%
protein), after which they remained fasted until an oral
glucose tolerance test (OGTT, 75 g in 300 ml water) was
started on the next morning. At 20-min intervals, blood
samples (50 ll) were collected from the earlobe and were
immediately analyzed for blood glucose (Analox GM7,
Analox Instruments Ltd). Following the OGTT, subjects
received a standardized diet for 3 days to avoid fluctuations
in IMCL (Bachmann et al. 2001). In the pretest, subjects
received a well-balanced diet (2,500–3,500 kcal; 60%
carbohydrates; 25% fat; 15% protein), while during the
posttest subjects continued to adhere to the HFD as pre-
scribed by the study protocol. At each occasion, subjects
reported to the laboratory between 6:00 and 10:00 a.m.
after a *12-h overnight fast. After a 30-min rest, a blood
sample was taken from an antecubital vein, and a percu-
taneous needle biopsy was taken from the right m. vastus
lateralis. All muscle samples were stored at -80C until
later analysis. Subjects were instructed to avoid strenuous
exercise for at least 2 days prior to the biopsies.
Lipids measurements
Lipids extracts were prepared from biopsies (Van
Veldhoven and Bell 1988), followed by analysis of phos-
pholipids (organic phosphate), and enzymatic quantifica-
tion of ceramide and diacylglycerol (DAG) by means of
c-32P-ATP and E. coli dgk kinase (Van Veldhoven et al.
1992, 1995). For determination of fiber type-specific
intramyocellular lipids (IMCL) content by Oil-Red-O
staining, serial sections (4 lm) from biopsy samples were
put on uncoated glass slides as we have previously
described (De Bock et al. 2005). Fiber type-specific IMCL
content was expressed as arbitrary units (A.U.).
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qPCR analysis
RNA extraction and reverse transcription have been
described previously (Deldicque et al. 2010b). qPCR
(quantitative polymerase chain reaction) primers were
designed for human spliced XBP1 (Fwd, CCGCAGCA
GGTGCAGG; Rev, GAGTCAATACCGCCAGAATCCA;
NM_005080), CHOP (Fwd, CTGGCTTGGCTGACTGAG
GAG; Rev, CGGGCTGGGGAATGACC; NM_004083),
ATF4 (Fwd, CCAACAACAGCAAGGAGGATG; Rev,
GTCATCCAACGTGGTCAGAAGG; NM_001675), RPL
19 (Fwd, CGCTGTGGCAAGAAGAAGGTC; Rev, GG
AATGGACCGTCACAGGC; NM_000981) and beta-
2-microglobulin (Fwd, ATGAGTATGCCTGCCGTGT
GA; Rev, GGCATCTTCAAACCTCCATG; NM_004048).
Sybr Green real-time PCR analyses were carried out on
the iQ5 Real-Time PCR Detection System (Bio-Rad). To
compensate for variations in input RNA amounts and
efficiency of reverse RPL19 and beta-2-microglobulin,
mRNA were used as reference genes, and results were
normalized to these values. These genes were chosen using
the GeNorm applet according to the guidelines and theo-
retical framework previously described (Vandesompele
et al. 2002). A value of 1 was arbitrarily assigned to the
pretreatment values to which the posttreatment values were
reported.
Western blotting
The procedure for western blotting has been detailed in
Deldicque et al. (2010a). After the blocking step, mem-
branes were incubated with the following antibodies
(1:1,000) overnight at 4C: phospho-Akt/PKB Ser473, total
Akt/PKB, phospho-SAPK/JNK Thr183/Ser185, total
SAPK/JNK, IjBa, BiP, IRE1a, PERK, calnexin, and
GAPDH (glyceraldehyde-3-phosphate dehydrogenase). All
antibodies were from Cell Signaling except GAPDH from
Abcam. Membranes were washed in TBST and incubated
for 1 h at room temperature with a secondary antibody
conjugated to horseradish peroxidase (1:10,000). Chemi-
luminescence detection was carried out using an Enhanced
Chemiluminescent Western blotting kit (ECL Plus) and
hyperfilms. Results are reported relative to GAPDH or to
the total form for phospho-Akt/PKB and phospho-SAPK/
JNK. A value of 1 was arbitrarily assigned to the pretest
values to which the posttest values were reported.
Analysis of blood samples
Plasma insulin was assayed by chemiluminescence using
the Siemens DPC kit and according the instructions of the
manufacturer. Plasma non-esterified free fatty acids (FFA)
were determined using the Wako Chemicals reagent kit.
Statistical analyses
The effect of high-fat feeding was tested by paired Stu-
dent’s t test. For the blood glucose and insulin concentra-
tions data during the OGTT, treatments by time
interactions were evaluated using a two-way analysis of
variance for repeated measures (ANOVA). When appro-
priate, Student–Newman–Keuls post hoc tests were
applied. The significance threshold was set to P \ 0.05.
The results are presented as the mean ± SEM.
Results
Body fat and glucose tolerance
Over the 6-week HFD, body mass increased by 3 kg in
average (Table 1; P = 0.007). This mass gain was largely,
if not entirely accounted for by fat accretion as evidenced
by the 15% increase in sum of skinfolds (P = 0.003),
reflecting elevated subcutaneous fat deposits. An OGTT
was performed before and after the 6-week HFD to assess
whole body glucose tolerance. Blood glucose concentra-
tions were higher during OGTT after HFD (two-way
ANOVA, P = 0.023; ?45% at 20 min, P = 0.002;
Fig. 1a), but total area under the glucose curve was not
significantly changed (182 ± 35 mmol min l-1 vs
203 ± 29 mmol min l-1, P = 0.27; Fig. 1a, b). Fasting
plasma insulin level tended to increase after HFD (?20%;
Fig. 1a). The Matsuda insulin sensitivity index (Matsuda
and DeFronzo 1999), which estimates changes in whole
body insulin sensitivity, did not significantly change due to
HFD (-15%, P = 0.28; Fig. 1c). All together, these data
indicate an onset of glucose intolerance at the end of the
6-week hyper-caloric high-fat feeding period.
Table 1 Subjects characteristics and lipid intermediates
Pre Post
Body mass (kg) 70.9 ± 3.4 73.9 ± 3.2*
Sum skinfolds (mm) 134.3 ± 27.7 154.6 ± 28.3*
Plasma FFA (lmol/l) 424 ± 42 355 ± 46
IMCL type I fibers (A.U.) 11 ± 1 16 ± 1*
IMCL type IIa fibers (A.U.) 5 ± 1 9 ± 1*
DAG (pmol/ng phospholipids) 21.8 ± 2.1 21.2 ± 2.3
Ceramide (pmol/ng phospholipids) 6.8 ± 0.6 6.4 ± 0.3
Body mass, sum of skinfolds, plasma FFA, IMCL, DAG, and cera-
mide content before (Pre) and after (Post) a 6-week hyper-caloric fat-
rich diet. Data provided are mean ± SEM (n = 7)
FFA free fatty acids, IMCL intramyocellular lipids, DAG
diacylglycerol
* P \ 0.01 versus pretest
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Muscle lipids
After HFD, IMCL content was about 50 and 75% higher, in
type I (P = 0.0009) and type IIa (P = 0.002) fibers,
respectively (Table 1). Conversely, plasma FFA concen-
tration, muscle diacylglycerol, ceramide, and phospholipid
contents did not change between the pretest and the
posttest.
Unfolded protein response
Against the background of increased body fat and IMCL
content, together with onset of whole body glucose intol-
erance, the muscle unfolded protein response was not
triggered by HFD. Neither the protein expression of IRE1a
(P = 0.46), PERK (P = 0.98), BiP (P = 0.54), and caln-
exin (P = 0.67) (Fig. 1d) nor the mRNA level of spliced
XBP1 (P = 0.95), CHOP (P = 0.60), and ATF4
(P = 0.38) in skeletal muscle (Fig. 1e) were changed by
HFD. The phosphorylation state of PKB was also measured
to assess the basal activation of a key kinase sensitive to
insulin. PKB phosphorylation is indirectly repressed by
JNK via phosphorylation of insulin receptor on its serines.
No difference was observed in the basal phosphorylation
state of PKB (P = 0.75) and JNK (P = 0.89) between the
pretest and the posttest (Fig. 1f). The expression of IjBa,
reflecting the activation of the NF-jB pathway when
degraded by the proteasome, was not modified by HFD
(Fig. 1g; P = 0.98).
Discussion
Data from studies conducted in obese rodent models have
demonstrated that ER stress and the activation of related
stress signaling pathways may be implicated in the patho-
physiology of insulin resistance and type 2 diabetes
(Gregor and Hotamisligil 2007). These data have recently
been confirmed in humans as ER stress is present in adipose
and liver tissues of obese people and is highly regulated by
weight loss induced by gastric bypass surgery (Gregor et al.
2009). Although skeletal muscle has been much less
studied than the other organs, we recently showed that the
unfolded protein response is increased in skeletal muscles
of mice fed a high-fat diet for 6 and 20 weeks (Deldicque
et al. 2010a). The present study is the first to report data on
the unfolded protein response in human skeletal muscle
after a fat-rich diet. Despite an increase in body mass and
subcutaneous fat deposits and onset of whole body glucose
intolerance as well as an increase in IMCL content, the
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Fig. 1 Onset of whole body glucose intolerance and unfolded protein
response in skeletal muscle. a Oral glucose tolerance test (OGTT,
circle, left axis) and plasma insulin concentration (square, right axis)
measured at 0, 60, and 120 min during the OGTT, b area under the
curve (AUC) and, c Matsuda insulin sensitivity index performed
before (Pre) and after (Post) a 6-week hyper-caloric fat-rich diet.
d Protein expression and e mRNA level of several markers of the
unfolded protein response, f phosphorylation state of PKB and JNK,
and g protein expression of IjBa expressed as fold increase compared
to the pretest. h Representative western blots. IRE1 inositol-requiring
enzyme 1, PERK protein kinase R-like ER protein kinase proteins,
XBP1s spliced X box binding protein 1, CHOP CCAAT/enhancer
binding protein (C/EBP) homologous protein, ATF4 activating
transcription factor 4, PKB protein kinase B, JNK c-Jun NH2-
terminal kinase, IjBa inhibitor of nuclear transcription factor-kappa
B. *P \ 0.05 versus pretest
1556 Eur J Appl Physiol (2011) 111:1553–1558
123
Author's personal copy
unfolded protein response was not triggered in skeletal
muscle.
The rationale for choosing the present diet comes
from a previous study showing that the consumption of a
hyper-caloric HFD can rapidly impair glucose tolerance
and insulin sensitivity in humans (Bachmann et al.
2001). In the latter study, high-fat feeding was main-
tained during 3 days, and the diet contained 55–60% fats
(in % total energy intake), 30–35% carbohydrates,
11–16% proteins and *30% more calories than the
control diet. According to these previous data in healthy
human (Bachmann et al. 2001), we administered a
6-week hyper-caloric HFD that was very similar with the
purpose to induce glucose intolerance and insulin resis-
tance. The choice of the 6-week duration was based on
previously published results showing that a 6-week HFD
in rodents increased ER stress markers in skeletal muscle
(Deldicque et al. 2010a).
A recent study in diabetic patients indicated that mark-
ers of the unfolded protein response were increased in cells
isolated from muscle biopsies and cultured in the presence
of palmitate (Peter et al. 2009). In human myotubes, pal-
mitate induced increased mRNA expression levels of
ATF3, CHOP, and unspliced and spliced XBP1. These
results suggest that ER stress could be present in skeletal
muscle of diabetic patients in vivo. They also ruled out the
criticism that fat cells present in muscle biopsy samples
could lead to false positive results since primary myoblasts
are devoid of other cell types after the isolation and plating
steps. As ER stress has been shown to be involved in the
pathogenesis of the metabolic syndrome, we reproduced a
situation of hyper-caloric high-fat feeding, body mass gain,
and fat accretion. Our data indicate that the unfolded pro-
tein response is not activated by this short-term treatment,
neither is the inflammatory marker IjBa nor the basal
activation of insulin-sensitive kinase PKB even though
fasting plasma insulin concentrations were higher.
According to our data, skeletal muscle seems to face mild
overnutrition (30% more kilocalories) for a period of sev-
eral weeks without showing signs of ER stress, inflam-
mation or impairment in insulin signaling, despite the
increase in IMCL.
Lipotoxicity generally involves an increase in intracel-
lular fatty acid metabolites such as diacylglycerol and
ceramides, potentially leading to ER stress, serine phos-
phorylation of insulin receptor via activation of JNK, and
activation of nuclear factor NF-jB signaling pathways
(Eizirik et al. 2008). In the present study, we did not
observe any increase in JNK, decrease in basal PKB
phosphorylation, or change in diacylglycerol and cera-
mides in skeletal muscle after a 6-week hyper-caloric high-
fat diet, suggesting that insulin sensitivity in skeletal
muscle was not modified and that skeletal muscle did not
participate significantly to the onset of whole body glucose
impairment.
It is currently believed that in conditions of increased
fatty acids delivery to muscle cells, like during HFD, fat
oxidation is up-regulated to compensate for the over-
whelming fatty acids import, which eventually may con-
tribute to preserve insulin sensitivity (Bonen et al. 2009).
Besides enhanced fatty acids oxidation, an alternative route
to dispose of excess fatty acids entry into muscle during
HFD is increased synthesis of triglycerides (Bachmann
et al. 2001). It has been postulated that under conditions of
high rates of fatty acids flux into muscle, IMCL can act as a
biologically inert reservoir for fatty acids. This mechanism
in turn may reduce the formation of ‘toxic’ lipid metabo-
lites and protect against the development of muscular
insulin resistance (Liu et al. 2007). In the current study, we
found HFD to elevate IMCL content without any alteration
in muscle ceramide or diacylglycerol concentrations. We
did not assess fatty acid oxidation, but at the sight of the
present data, it is possible that the excess fatty acids import
in muscle cells during HFD which may have been com-
pensated by the increased disposal in IMCL, thus pre-
venting the formation of diacylglycerol and ceramide.
We showed that reduced glucose tolerance was not due
to ER stress or accumulation of diacylglycerol and/or
ceramide in skeletal muscle. However, based on the present
data, it is difficult to identify the precise mechanism
underlying the observed reduction in whole body glucose
tolerance. During an OGTT, skeletal muscle and splanch-
nic tissues each take up 25–30% of the glucose load
(Kelley et al. 1988). Thus, we cannot not exclude that
increased hepatic glucose production (Gastaldelli et al.
2000), and/or changes in gut absorption (Ley et al. 2005),
rather than muscular insulin resistance largely accounted
for the decreased glucose tolerance.
Due to ethical considerations, the limitation of the
present study is the duration of the HFD. It is possible that
ER stress, insulin sensitivity impairment and inflammation
may develop in a later stage in skeletal muscle in vivo. It
would be very enlightening to conduct future research in
diabetic patients displaying more severe glucose
intolerance.
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